In this study, a new carbon paste electrode (CPE) modified with porphyrin-based ion imprinted polymer (IIP) was designed and applied for the potentiometric determination of Cu 2+ ions in aqueous solutions. The Cu-IIP was prepared using methacrylic acid, ethyleneglycoldimethacrylate monomers, in the presence of a copper complex of 5,10,15,20-tetrakis(4-hydroxyphenyl)-porphyrin. After polymerization, the prepared polymer was eluted by an aqueous solution of hydrochloric acid to leach the imprinted ions, which results in an obvious change in its color from purple to light brown. By microscopic analysis, the mean particle size of the prepared leached IIP was estimated to be around 60 nm. After characterization, the prepared IIP NPs were used as a modifier to design a modified CPE for potentiometric determination of . Moreover, the designed sensor showed a low detection limit (2.0 Â 10 À9 mol L
Introduction
Copper is an essential element present in all organisms, which plays a key role during cell respiration, blood formation, as well as in the function of endocrine glands.
1,2 Although copper is not a toxic element; however, it is toxic at high concentration.
3 So, it is necessary to acquire and develop methods that make it possible to determine copper ions in environmental real samples with high selectivity and accuracy. Some of the common analytical methods for the determination of copper ions are atomic absorption spectrometry, 4,5 UV-Vis absorption spectroscopy, 6 ion selective electrodes, 7 inductively coupled plasma atomic emission spectrometry, 8 chemiluminescence, 9 stripping voltammetry, 10 and uorescence
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techniques. However, among the analytical methods for determination of copper ions, potentiometric determination of copper using carbon paste electrodes (CPEs) assumes importance in view of its widespread occurrence in various samples. 12 This kind of electrode is commonly applied in electrochemical studies due to their high physical stability, long lifetime, low cost, low background current, and easy construction. 13 Meanwhile, modication of bare CPE using different compounds can improve the sensor characteristics such as its selectivity, sensitivity, applicability and response time.
In recent years, due to high selectivity of ion imprinted polymers (IIP) toward their template, IIP-modied electrodes have attracted considerable interests to develop the selectivity and response behavior of the electrochemical sensors. 14, 15 IIPs can recognize the target ions with high selectivity by using their cavities or "imprinted sites" which formed in the polymeric network during synthesis. [16] [17] [18] [19] Up to date, a variety of IIPs have been reported for separation and determination of copper ions using different complexing or chelating agents such as 1-(2-pyridylazo)-2-naphthol, 20 4-(2-pyridylazo) resorcinol, 21 salen, 22 itaconic acid, 23 thiosemicarbazide, 24 carboxybenzotriazole, 25 nmethacrylamidohistidine-dihydrate, 26 2,9-dimethyl-1,10-phenanthroline, 27 5,6,14,15-dibenzo-1,4-dioxa-8,12-diazacyclopentadecane-5,14-diene. 28 However; to the best of our knowledge, a little attention has been paid to the application of nano-scaled porphyrin based IIP as modiers in the chemically modied CPEs for potentiometric determination of Cu 2+ ion.
The aim of this work was to develop a new modied CPE with a porphyrin based Cu-IIP for potentiometric determination of Cu 2+ ion. The preparation of Cu-IIP was carried out by a thermal polymerization method, in the presence of copper ion, 5,10,15,20-tetrakis(4-hydroxyphenyl)-porphyrin, methacrylic acid and ethyleneglycoldimethacrylate. Then, the templated copper metal ion was removed from the polymeric particles by leaching with mineral acid and its morphology has been characterized by scanning electron microscopy. The inuence of different affecting parameters on the response characteristics of the designed modied electrode was investigated. Aer optimization the experimental parameters, this potentiometric sensor was tested for Cu 2+ ion determination in different water samples as well as an indicator electrode in potentiometric titration.
Experimental

Reagents and materials
All used chemicals were of analytical reagent grade. Double distilled water was used for preparation of solutions and for washing. In the synthesis of Cu-IIP; methacrylic acid (MAA), ethyleneglycoldimethacrylate (EGDMA), and 2,2 0 -azobisisoobutyronitrile (AIBN) were supplied by DAEJUNG company (Korea). Graphite powder, sodium tetraphenylborate (NaTPB) and paraffin oil (Fluka) were used for the preparation of the unmodied and modied CPEs. Cu(NO 3 ) 2 $6H 2 O was commercially available as analytical reagent grade and used without further purication.
Apparatus
All the potential and pH measurements were carried out with a pH/ion meters model 691-ZAGCHIMI (Iran). The surface morphology of the polymers was recorded on a Philips XL30 series instrument using a gold lm for loading the dried particles on the instrument. The FT-IR spectra were recorded using a Shimadzu FT-IR 8300 spectrophotometer (Japan).
Synthesis of 5,10,15,20-tetrakis(4-hydroxyphenyl) porphyrin
Synthesis of 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (THPP) was carried out in one steps, as shown in Scheme 1. THPP was prepared according to the literature methods via condensation of freshly distilled pyrrole with 4-hydroxybenzaldehyde. 29 The product was puried through column chromatography (neural alumina) with 4 : 1 mixture of ethanolchloroform, as eluent. The obtained solution was evaporated to dryness under vacuum to yield ca. 15% of the porphyrin ligand. 1 
Preparation of Cu 2+ -ion imprinted polymers
The synthesis of Cu-IIP was carried out by precipitation polymerization method. Briey, 0.1 mmol of copper nitrate and 0.1 mmol of THPP and 0.4 mmol of MAA were placed into 23 mL of ethanol-acetonitrile mixture (2 : 1) as porogen solvent and mixed with continuous stirring for 1 h. Then, 4.0 mmol of EGDMA and 50 mg AIBN (as free radical initiator) was added to the solution, successively. Next, the solution was purged with N 2 gas for 10 min and the vial was placed in a heated oil bath at 75 C for 24 h. Aer the completion of polymerization reaction, the resulting polymer was then dried, crushed and grounded into powder. The obtained particles were treated with HCl aqueous solution to release the copper ions. 30 As shown in Scheme 2, the obvious change in the color from dark brown in unleached IIPs to light brown aer the leaching process, can be attributed to the successful removal of Cu 2+ ions from the polymeric matrix.
31
Finally, pH of the prepared sorbent was adjusted to neutral by several washing with double distilled water.
Preparation of unmodied and modied CPE
Unmodied CPEs were prepared by mixing 70 mg of graphite powder with 30 mg of paraffin oil with a mortar and pestle. Then, the mixture was lled into a syringe tube with a radius of 1.0 mm and compressed tightly to avoid the possible air gaps. A copper wire was inserted into the opposite end to establish an electrical contact. The external electrode surface was smoothed with so paper. The Cu-IIP modied CPE was prepared by thorough mixing of graphite powder, paraffin oil, IIP and ionic additive in proportions of 61, 28, 10 and 1% (w/w), respectively.
Measurements of electromotive force (emf)
The emf measurements with the constructed CPEs were carried out with the following cell assemblies: Ag/AgCl, KCl (satd)//test solution/CPE. Sodium chloride solution was prepared and used as supporting electrolyte, to maintain constant ionic strength (m). The performance of the electrodes was investigated by measuring the emfs of Cu 2+ ion solutions (25 mL) in the range of 1.0 Â 10
, by serial dilution. In each solution, while stirring aer reaching the equilibrium, calibration graphs were constructed by plotting the recorded potentials vs. logarithmic function of Cu 2+ concentrations. The obtained graphs were then employed for the characterization of the slope and linear range of the CPEs and also subsequent determination of unknown amount of Cu 2+ ion.
Selectivity of the designed CPE
The potentiometric selectivity of the sensor towards different inorganic cations was evaluated by applying the separate 
Results and discussion
Characterization of the prepared copper ion imprinted polymers
Characterization of the prepared porphyrin-based Cu-IIP was performed by various techniques such as colorimetry, FT-IR and SEM. As it is obvious from Fig. 1 , IR spectra of leached and unleached sample show similar pattern; which it referred to the similarity in their polymeric backbones and stability of the polymeric network during the acid washing process. 21 Consequently, it can be concluded that THPP is held in the polymer structure, even aer leaching process. Moreover, the absorption bands located at around 950, 1500-1700 and 3400-3600 cm À1 probably related to the stretching vibrations of C-N, C]C in the benzene aromatic ring and free -OH groups, respectively. Beside, the slight shis from 1257, 1725 and 2952 cm À1 (in unleached sample) to 1260, 1729 and 2956 cm À1 (in leached sample) was observed aer removal of Cu 2+ ion from the unleached sample. The similar shis in IR results aer removal of the imprinted ion from the polymeric network were reported, previously.
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Fig . 2 shows SEM image of the Cu-IIP particles prepared by thermal polymerization method, which reveals the approximate particle size and the morphological structure characterization the of the IIP particles. 33 As demonstrated, the prepared IIP particles are in nano-scaled size with average particle size of 57 nm, with slightly irregular in shape. The observed aggregations and irregularity in the particles are usually due to the synthetic method, grinding and sieving steps; which gave irregular particles with different sizes. parameters on the electrode response including amount of graphite, solvent mediator, modier, additives was studied and optimized. In Table 1 , the effect of different parameters on the electrode response such as slope, concentration linear range and regression coefficient in potentiometric determination of Cu 2+ ion was summarized.
The blank electrode without the modier (i.e. Cu-IIP NPs) showed poor response characteristics toward Cu 2+ ion (sensor no. 1). The electrode showed remarkable sensitivity for Cu 2+ ion in the presence of Cu-IIP NPs. As obtained, linearity of the electrode improved by increasing the amount of Cu-IIP NPs until 10 wt%. Lowering the IIP content in the electrode composition decreased the sensor response characteristics. It is may be arise from the lack of required recognition sites in the electrode surface. 34 Meanwhile, by using more amounts of Cu-IIP NPs in the paste content (i.e. sensor no. 7), sensitivity and slope of the electrode decreased. It may be due to change in homogeneity and/or conductivity in the paste composition as well as possible saturation of the paste. 35 The presence of ionic additive (i.e. NaTPB) had a benecial inuence on the performance characteristics of the CPE, which addition of 1% NaTPB increases the slope of the sensor from a poor value to a Nernstian value. The presence of anionic additives in the paste composition by reduction the ohmic resistance can improve the exchange kinetics, response time and selectivity of the electrodes. 36 As shown in Table 1 however, the selectivity of the sensor for copper in the presence of other cations was declined, signicantly (Fig. S1 †) . The pH values are adjusted by adding small volumes of diluted nitric acid or sodium hydroxide solutions. The acceptable variation in potential was dened as DE observed < AE5% (n ¼ 3), which the electrodes was independent from pH over the range of 2.0-6.0 (Fig. 3) . At pH lower than 2.0, a strong competition between H 3 O + and Cu 2+ ions for occupying the binding sites in the IIP was happened; 37 consequently, the pH independent behavior of the electrode was not observed at strong acidic values. On the other hand, the sharp change in the observed potential at pH > 6.0 may be a result of decline in the concentration of free Cu 2+ ions due to the hydrolysis of Cu 2+ ions at the studied conditions. 
3.2.4.
Response characteristics of the IIP modied CPE: response time, selectivity and thermal stability. Generally, rapid response in different concentrations is an important factor for the evaluation of an ion selective electrode. The response time was obtained by potential measuring a series of Cu 2+ ion solutions from 1.0 Â 10 À5 to 5.0 Â 10 À1 mol L À1 (Fig. S2 †) . The electrode reaches the equilibrium response in a reasonable time of 5 s, in the tested concentrations. Fig. 4 ]) were constructed at temperature range of C (Table S1 †) .
As obtained, the electrode exhibits good Nernstian behavior over the studied temperature range with high thermal stability, so that the electrode was usable up to 45 C. The observed deviation from the Nernstian behavior of the sensors over the applied temperature may be attributed the change in the diffusion coefficient of the ion as well as possible bleeding of the paste components at high temperature. In life time studies, repeated monitoring of potentials and calibration over several days gave good slope, linearity, and correlation coefficient. The IIP modied CPE can be used for, atleast, two months without any measurable divergence ( The reported data in Table 3 give a comparison between some important characteristics of the modied electrode with previously reported ones with respect to slope, response time, pH, linear range and detection limit. 12, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] It is noteworthy that the selectivity coefficients, linear range, slope and response time of the proposed electrodes are considerably improved with respect to those of the previously reported Cu 2+ ion selective electrodes (Table 3) . By considering Tables 2, 3 and Fig. 4 ; it can be concluded that the modied electrode was superior in comparison with the previously reported Cu 2+ sensors as its linear range, Nernstian slope and detection limit.
Practical applications for water analysis and as indicator electrode
For testing the sensor for practical application in aqueous media, it was used for determination of copper in different water samples. The water samples including mineral water, tap water (from Yasouj University Lab) and Beshar river water (from BoyerAhmad location) were collected and prepared according to literature. 39, 48 The results are illustrated in Table 4 . The results (RSD% $ 1%, recovery ranges of 100.0-106.3%) reveal that the constructed sensor works well under laboratory conditions.
Moreover, in order to test the modied electrode in different applications; it was also used as an indicator electrode for determination of copper content in a typical titration of Cu 2+ and EDTA solutions. For this purpose, 50 mL of Cu 2+ solution (5.0 Â 10 À4 mol L
À1
) was titrated potentiometrically, against 5.0 Â 10 À2 mol L À1 EDTA solutions using the electrode as an indicator electrode. The results indicated that the amount of copper ion can be accurately determined with the modied electrode (Fig. 5) . The rst and second order derivation titration curves were also plotted and the average titration error was calculated to be 3.0%.
Conclusion
In summary, a selective Cu-IIP NPs base on 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (THPP) was synthesized for recognition of Cu 2+ ion in aqueous solutions. The IIP was successfully used as a copper recognition element in carbon paste electrode. The modied electrode by Cu-IIP NPs showed a short response time ($5 s), Nernstian slope ($30 mV per decade), wide linear range and low detection limit. As compared, in some cases, this sensor was improved the electrode characteristics and has better gures of merit than others (Table 4) . Moreover, simple construction, high precision, good thermal stability, long life time and reasonable applicability of the sensor for water analysis were some advantages of the modied sensor. Briey, comparison between the sensor characteristics with those of the previously reported ones clearly shows that the proposed sensor can be categorized as an efficient copper sensor. Meanwhile, the short response time, good linearity, sensitivity and selectivity of the designed nano-sized IIP based-CPE make it as a potential sensor for on-line ow electrochemical analysis purposes in different environmental and biological real samples with various matrices.
